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Human immunodeficiency virus type 1 reverse
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The relationship between human immunodeficiency
virus (HIV) type 1 reverse transcriptase tG:T mispair
formation and base pair stability was investigated
using DNA and RNA templates with 15 bp matched
or mismatched DNA primers. tG:T mispair formation
during primer elongation was undetectable on tDNA-
DNA duplexes but occurred with a frequency of 104
on matched tRNA-DNA duplexes. The frequency
increased to 7.0X104 and 1.3X10-3 on tRNA-DNA
duplexes with tG:T mismatches located 6 and 9 bp
beyond the polymerization site. From Km values at
37°C, the free energy change upon dissociation (AG037)
of the tG:T mispair increased from matched to mis-
matched tRNA-DNA duplexes by 0.36-1.21 kcallmol.
AG'37 for a correct tG:C pair decreased by 0.06-1.00
kcallmol. In comparison with DNA-DNA duplexes,
thermal melting measurements on RNA-DNA duplexes
demonstrated smaller enthalpy (AAH' = -17.7 to
-28.1 kcailmol) and entropy (AAS0 = -59.3 to -83.4
cal/mol/K) components. A strong entropy-enthalpy
compensation resulted in small free energy differences
(MG037 = 0.8 to -2.2 kcailmol). Thus, although DNA-
DNA and RNA-DNA duplexes are of comparable
stability in solution, the RNA-DNA duplex presents
more facile base pair opening and higher conforma-
tional flexibility. The release of helical strain at constant
helix stability in RNA-DNA duplexes may facilitate
base mispairing during reverse transcription,
particularly in the context of lentiviral G->A hyper-
mutation.
Keywords: base pairing free energy differences/HIV- 1
RT polymerase errors/mispair stability/retrotranscription/
RNA-DNA duplexes

Introduction
Human immunodeficiency virus (HIV) type 1 reverse
transcriptase (RT) lacks a 3' exonucleolytic activity.
Consequently, RT-catalysed polymerization errors occur
during both RNA- and DNA-dependent DNA synthesis.
One of the more remarkable phenomena associated with
reverse transcription is G-*A hypermutation in which
hundreds of template G residues may be monotonously
substituted by A (Pathak and Temin, 1990; Vartanian
et al., 1991, 1994). The phenomenon is most apparent

during reverse transcription of virion RNA with substitu-
tions displaying a distinct preference for the GpA and
GpG dinucleotide contexts. Only very rarely has G->A
hypermutation been observed during DNA-directed DNA
synthesis (Vartanian et al., 1991). The phenomenon is
a consequence of reverse transcription in the presence
of highly biased intracellular [dCTP]/[dTTP] ratios,
resulting in the incorporation of dTTP in lieu of dCTP
opposite templated rG, and may be achieved in vitro
using any RNA template, RT and biased deoxypyrimidine
triphosphate concentrations (Martinez et al., 1994).
The influence of mispairing within the template-

primer upon subsequent RT error is usually of little
importance given that retroviral mutation rates are in
the order of 0.3-3.5 X 10-5 per base per round of
replication. However, given the sheer density of transi-
tions encountered among G->A hypermutated genomes,
occasionally every G within a stretch of 20-30 bp may
be substituted, there is a possibility that de novo-formed
tG:T mispairs within the template-primer may exacerbate
the phenomenon. RNA-DNA hybrids are structurally
distinct from DNA-DNA or RNA-RNA duplexes. In
solution, NMR studies suggest that in RNA-DNA
helices, the RNA strand adopts an A conformation
while the DNA strand behaves in a polymorphic manner,
adopting either A or B conformations as a function of
sequence and environment (Salasar et al., 1993; Gonz'alez
et al., 1994, 1995). Within the RT complex, a double-
stranded DNA template-primer is constrained within
the polymerization site in an A conformation which,
following a 450 kink at -9 bp from this site, relaxes
into a B-DNA structure (Jacobo-Molina et al., 1993).
Nevertheless, the precise conformation of an RNA-DNA
hybrid within the RT cleft is unknown. Furthermore, little
is known as to the thermodynamic properties of RNA-
DNA duplexes in general (Hall and McLaughlin, 1991;
Ratmeyer et al., 1994; and references therein).
To ascertain the influence of a template-primer with

preformed mismatches on tG:T mispair formation,
a series of DNA and RNA template-DNA primer
oligonucleotide duplexes of homologous and mismatched
sequences was examined by both kinetic and thermodyn-
amic analyses (Schaeffer et al., 1982; Aboul-ela et al.,
1985; Boosalis et al., 1987; Ricchetti and Buc, 1990).
It was possible to show that (i) HIV-1 RT tG:T mispair
formation was readily detectable using an RNA but not
a DNA template, (ii) this formation was favoured by
pre-existing tG:T mismatches located within the 18 bp
nucleic acid binding cleft of RT (Jacobo-Molina et al.,
1993) and (iii) the different polymerization behaviour
of the enzyme on homologous RNA and DNA templates
may be related to the very different melting properties
of homologous DNA-DNA and RNA-DNA helices.
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5' UCUGGAUUGAGAUGAUGCAUCCGCC 31
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5' UJCJGGAUUGAGAUGAUGCAUCCGCC 3'
CTATTACGTAGGCGG 5'

5' UCUGGAUUGAGAUGAUGCAUCCGCC 3'
CTACTATGTAGGCGG

5, ULUGGAUUGAGAUGAUGCAUCCGCC
CTATTATGTAGGCGG
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Fig. 1. RNA and DNA templates analysed. Only RNA template-DNA
primer duplexes are given. DNA template-DNA primer duplexes are
homologous. RNA (R) and DNA (D) templates were annealed with
matched DNA primer (M) or with DNA primers with a T opposite
template G at positions -4 (primer Ti), -7 (primer T2) and -4 and -7
(primer T1T2). Template-primer duplexes are referred to as RM or
DM, RTl or DT1, RT2 or DT2, and RT1T2 or DT1T2.

Results
Nucleotide insertion kinetics
Both RNA and DNA templates were analysed with four
matched and mismatched primers, the RNA-DNA hybrids
being shown in Figure 1. The tG:T mismatches within the
template-primer were located at positions -4 and -7.
The CCGCC motif at the 3' end of the templates was
incorporated to reduce fraying which might hinder
enzyme-template-primer recognition. The kinetics of
incorrect dTTP and correct dCTP insertion opposite tem-
plate G at position +2 were determined as a function of
nucleotide concentration (Boosalis et al., 1987; Ricchetti
and Buc, 1990).

Under the experimental conditions used, T misincorp-
oration opposite G+2 could not be detected for any of
the four DNA template-primer pairs (data not shown).
Conversely, under the same conditions, relatively high
rates of T misincorporation were observed with the four
RNA template-primer hybrids (Table IA). Up to 4- to 10-
fold increases in the relative misinsertion rate (Vmaj,/Km)
were observed between matched and tG:T mismatched
RNA template-primers resulting mainly from large reduc-
tions in Km. C insertion kinetics at G+2 were measured
at the smallest concentration of dTTP with respect to Km
for T misinsertion at +2, which ensured Vmax insertion
kinetics of T opposite A+1 (Figure 1 and Table I). The
C insertion rate remained roughly constant across the four
RNA-DNA hybrids (Table IB) as variations in Km and
Vmax virtually cancelled each other out. Taken together,
the data show that tG:T mismatches at positions -4 and
-7 act in opposite ways on Km and Vmax for the insertion
of the correct C and incorrect T nucleotides. The mis-
incorporation frequency f (f = fk-fv, where fk = Km[mis-
match]/Km[match] and fv = Vmax[mismatchI/Vma[match])
is enhanced some 4- to 13-fold when preformed mis-
matches are incorporated into the DNA primer (Table IC).
This result is mainly a function of the relative Km values
for the match and mismatch (fk) which act in concert.
The ratio of Km values for the insertion of a nucleotide

in the matched and mismatched tRNA-DNA duplexes

Table I. Insertion kinetics of correct and incorrect nucleotides opposite
template G at +2 on matched and mismatched DNA-primed RNA
templatesa

Primer Km (jiM) Vmax (nM/min) Vma,/Km (rel)

A tG:T mismatch, RNA template
M 525.9 ± 103.7 0.30 ± 0.02 1.0
TI 292.5 ± 120.5 0.56 ± 0.07 3.6
T2 81.0 ± 44.3 0.43 ± 0.04 9.5
T1T2 74.2 ± 45.0 0.19 ± 0.03 4.5

B tG:C match, RNA template
M 0.049 ± 0.019 0.27 ± 0.02 1.0
TI 0.054 ± 0.022 0.15 ± 0.01 0.5
T2 0.166 ± 0.067 0.70 ± 0.08 0.8
T1T2 0.248 ± 0.096 1.55 ± 0.14 1.1

C

Duplex f(§f0) fk fv
RM l.OXlO4 10 733 1.1
RT1 7.3X104 5417 3.7
RT2 1.3xlO-3 488 0.6
RT1T2 4.0Xl1e 299 0.1

aResults are the average of three independent experiments ± standard
deviation. The misinsertion frequency, f, is the ratio of Vma,/Km values
for T and C nucleotides, wherefk = Km(T)/Km(C),fv = Vmax(T)/Vma(C)
andf = fk fv.

Table II. Estimated stability differences of correct C and incorrect T
nucleotides in the RT polymerization catalytic site on matched and
mismatched duplexesa

Duplexes AAG0kinetics at G+2 (kcal/mol)

rG:dC rG:dT

RM-RTI -0.06 0.36
RM-RT2 -0.75 1.15
RM-RT1T2 -1.00 1.21

aValues of AAG'kinetics were obtained using Equation 1. Data are
±0.49 kcal/mol, the maximum error calculated from the errors in Km
(Table I).

was used to estimate the differences in the standard free
energy change upon dissociating the nucleotide from the
respective enzyme-tRNA-DNA duplex-substrate com-
plexes:

AG°kinetics = AG037(RX) - AG037(RM) =
RT ln[Km(RM)/Km(RX)], (1)

where X = TI, T2, T1T2 (Figure 1). This assumes that
the binding of a dNTP to the tRNA-DNA in the enzyme-
tRNA-DNA complex reaches equilibrium and that Km is
the dissociation constant for the (enzyme-tRNA-DNA
duplex)-dNTP complex (Petruska et al., 1988). AAG0kjnetics
values obtained in this way are given in Table II and show
that tG:T mismatches at -4 and particularly at -7 in
the tRNA-DNA duplex decrease the stability of correct
nucleotide (AAG0kinetjcs < 0) while increasing the stability
of the incorrect nucleotide (AAG0kinetics > 0) in the
polymerization site of the elongating enzyme. Absolute
values of AAGkinetics for both the tG:C match and tG:T
mismatch increased in the order RT1 < RT2 < RT1T2
(Table II).
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Table III. Results of melting studies of DNA and RNA-DNA
duplexes'

A

Duplex MSO AH° AG°37
(cal/mol/K) (kcal/mol) (kcal/mol)

DM -327.2 -119.8 -18.3
DT1 -257.0 -93.5 -13.4
DT2 -288.6 -104.4 -14.9
DT1T2 -219.6 -78.5 -10.3
RM -243.8 -91.7 -16.1
RT1 -185.4 -70.3 -12.8
RT2 -214.1 -80.0 -13.6
RT1T2 -160.3 -60.8 -11.1
B

Comparison AAO Afl AAG037
(callmol/K) (kcal/mol) (kcal/mol)

DM-RM -83.4 -28.1 -2.2
DTI-RTI -71.6 -23.2 -0.6
DT2-RT2 -74.5 -24.4 -1.2
DTIT2-RT1T2 -59.3 -17.7 +0.8
DM-DT1 -70.2 -26.3 -4.9
DM-DT2 -38.6 -15.4 -3.4
DM-DT1T2 -107.6 -41.3 -8.0
RM-RT1 -58.4 -21.4 -3.3
RM-RT2 -29.7 -11.7 -2.5
RM-RT1T2 -83.5 -30.9 -5.0

aEffors in AS0, All and AG037 were ±2%, while those in AA.S, M0H
and AAG037 were ±4%.

Thermodynamic stability of DNA-DNA and
RNA-DNA duplexes
Thermal melting measurements were made with the DNA-
DNA and RNA-DNA duplexes shown in Figure 1 using
the elongation reaction buffer. Standard thermodynamic
parameters defining duplex stability were evaluated by the
van't Hoff method and are given in Table IIIA. Differences
in AG037 values for strand dissociation, i.e. AAG037,
showed that matched DNA-DNA duplex was more stable
than matched RNA-DNA duplex by -2.2 kcallmol (Table
IIIB). A single tG:T mismatch decreased the difference in
stability, while the incorporation of two tG:T mismatches
resulted in the RNA-DNA duplex being slightly more
stable (AAG037 = +0.8 kcallmol). Not surprisingly, tG:T
mismatches decreased the stability of both DNA-DNA
and RNA-DNA duplexes with respect to the matched
primer, although the extent of destabilization conferred by
a tG:T mismatch was smaller by -1.4 kcal/mol for the
three RNA-DNA duplexes (Table IIIB).
The effects of sequence context on G:T mismatch

stability were smaller for RNA-DNA than for DNA-DNA
duplexes. TI and T2 primer-encoded tG:T mismatches are
in UGA (TGA) and UGC (TGC) contexts, respectively
(Figure 1). The difference in AG037 values between TI
and T2 duplexes were 1.5 kcal/mol for DNA duplexes,
yet only 0.8 kcallmol for RNA-DNA duplexes (Table
IIIA). The fact that the sum of AAG37 values for the two
single G:T mismatches did not equal MG037 for T1T2
suggests that the effects of the two mismatches on helix
stability were not entirely independent (Table IIIB).

Enthalpy and entropy compensation
As can be seen from Figure 2A, differences in enthalpy
(AAH) and entropy (AAS) contributions between DNA-
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Fig. 2. Entropy-enthalpy compensation upon melting of DNA-DNA,
RNA-RNA and RNA-DNA duplexes. (A) Raw data for the series of
DNA-DNA and RNA-DNA comparisons given in Table IIIB, and
independently the comparison of the same primer with either a DNA
or an RNA template (Table IIIB). (B) Entropy-enthalpy compensation
taken or derived from the literature and normalized as AAM' and AAH0
per bp doublet. (+) Internal DNA pairs and mispairs flanked by A:T
(Aboul-ela et al., 1985); (A) terminal DNA mispairs flanked by G:C
(Petruska et al., 1988); (A) DNA base pair doublets (Breslauer et al.,
1986); (E) RNA base pair doublets (Freier et al., 1986). In (A) and
(B), AMS and AAH are plotted with opposite signs. For internal DNA
pairs and mispairs, AAS = [ASO(dCA7G-dCT7G) - AS0(dCA3XA3G-
dCT3YT3G)]/2, where X and Y represent one of the four bases, and
AAJ is calculated in the same manner. For base pair doublets in
DNA, SAM = AS0(XY/X'Y') - AS0(GA/CT), and in RNA, AM' =
AS0(XY/X'Y') - AS0(AU/AU), where XY/X'Y' represent one of the
nine base pair doublets; AAH0 is calculated in the same manner.

DNA and RNA-DNA duplexes of homologous sequences
(Table III) are correlated directly, indicating a relationship
of the form:

AG0 = 1 - TAAS0 (2)
The large AAH values are nearly cancelled out by large
TAAMS values, explaining the fact that AAH0 are- 13- to
37-fold larger than the corresponding free energy (AAG037,
Table IIIB). The strong entropy-enthalpy relationship
described above concerns both matched and mismatched
DNA-DNA and RNA-DNA duplexes. This relationship
is all the more striking because Tinoco and colleagues
have shown that AAS is proportional to AAH for normal
base pairs and mispairs in a variety ofDNA-DNA duplexes
(Petruska et al., 1988). Sequence-induced variations of
AAS0 and AAH for RNA-RNA duplexes were calculated
from published nearest-neighbour values (Freier et al.,
1986). Figure 2B shows that the same proportionality
(AAS/AAJHI) was noted for both DNA-DNA and RNA-
RNA duplexes. The fact that the slopes in Figure 2A and
B were virtually the same suggests that the enthalpy-
entropy compensation already observed for DNA-DNA
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duplexes may be extended to all forms of nucleic acid
helix. The slope of AA/IAAWH for the DNA-DNA and
RNA-DNA duplexes of homologous sequences (the upper
line in Figure 2A) reflects the difference in stability of a
tG:T mismatch in the two types of helix.

Discussion
Prior retrotranscription errors affect fidelity
The kinetic analysis showed that prior retrotranscription
errors found within the primer may have a profound
effect upon the fidelity of subsequent base incorporation.
Normally such a situation is of academic interest given
an average HIV-1 mutation rate of -3.5xlO-5 per base
per replication cycle (Mansky and Temin, 1994). However,
the phenomenal G->A transition frequencies (up to 60%
of all Gs may be substituted), as well as the use of the
in vitro reaction (Martinez et al., 1994) to hypermutagenize
any RNA sequence at will, with its application to protein
evolution in vitro, prompted this investigation.
A striking difference of RT fidelity on the DNA and

RNA templates was evident. T misincorporation appears
almost as an 'all or nothing' phenomenon, absent on DNA
templates (f = 0) yet occurring at high frequency (f =
10-4-1.3x IO-') on RNA templates. The sequence context
and/or the buffer chosen to mimic physiological conditions
may contribute to this difference. The comparison of HIV-
1 fidelity on RNA and DNA templates has yielded mixed
results. Depending upon the experimental system used,
RNA-dependent DNA polymerization was more (Huber
et al., 1992), equally (Ji and Loeb, 1992) or less (Boyer
et al., 1992) error prone than DNA-dependent DNA
synthesis. The above results are more in keeping with
those of Huber et al. (1992), although once again the
considerable differences in technique and sequence pre-
clude hasty conclusions being drawn.

Kinetic discrimination in favour of T misinsertion on
tG:T mismatched RNA templates was based much more
on Km (fk values, Table IC) than on Vmax values (fv values,
Table IC). From Km values in Table I and Equation 1,
AG037 for dissociation of the tG:T mispair is 0.36-1.21
kcallmol higher, and AG037 for dissociation of the tG:C
pair is 0.06-1.00 kcallmol lower, in elongating complexes
formed with tG:T mismatched tRNA-DNA duplexes than
in the elongating complex formed with matched tRNA-
DNA duplex (AAGkinetics, Table II). The opposite, but
qualitatively equal, variations in stability of the tG:C pair
and tG:T mispair observed with each mismatched tRNA-
DNA duplex (Table II) strongly suggested that the variation
in the stability of correct and incorrect base pairs in the
RT polymerization site resulted from the same phenom-
enon, i.e. the transmission to the enzyme substrate binding
site of base pair instability induced by distal tG:T mis-
matches in the tRNA-DNA duplex.

Melting properties of homologous DNA and
RNA-DNA
Template-primer duplex stability was determined using
the same buffer as that employed in kinetic analyses.
Table III reveals that DNA and RNA-DNA duplexes in
solution display drastically different melting behaviours.
Expressing the data in Table III in terms of mean values
per base pair showed that base pairs in homologous DNA

and RNA-DNA duplexes are of approximately equal
stability as the AAG037 values vary from +0.05 to -0.15
kcal/mol. However, the energy spent and the number of
degrees of freedom gained upon base pair dissociation
were considerably larger in the DNA duplex than in the
RNA-DNA duplex (AAH0 = 1.2-1.9 kcal/mol and AAS' =
4.0-5.6 kcal/mollK). In other words, the RNA-DNA
duplex in solution presents facile base pair opening and
a high conformational flexibility with respect to the
more rigid DNA duplex (it is assumed here that solvent
contributions to AA S are negligible). These differences
may explain the greater stability of the G:T mispair
[AAG037(G:T) -1.4 kcal/mol], and the lower influence of
nearest neighbours on G:T mispair stability observed in
the RNA-DNA duplex. The release of helical strain at
constant helix stability may favour the insertion of non-
Watson-Crick base pairs in the RNA-DNA duplex. The
different solution behaviour of DNA and RNA-DNA
duplexes resulted from the relationship between entropy
and enthalpy contributions to AAG° (Table III): AAHI was
nearly cancelled out by -TAAS' to give a small AAG'
(Equation 2). First indicated for DNA molecules (Petruska
et al., 1988), this study shows that entropy-enthalpy
compensation in aqueous solution holds for RNA-DNA
hybrids (Figure 2A) as well as for RNA-RNA helices
(Figure 2B).
The different melting behaviour of DNA and RNA-

DNA duplexes displayed in Table III is in excellent
agreement with recent solution NMR studies of RNA-
DNA duplexes (Salasar et al., 1993; Gonzalez et al., 1994,
1995). RNA-DNA duplexes were found to adopt a strongly
heteronomous duplex conformation in which the RNA
strand remained in the A conformation while the DNA
strand behaved in a polymorphic manner, adopting either
A or B conformations as a function of sequence and
environment (Salasar et al., 1993; Gonzalez et al., 1994,
1995). In the same conditions, DNA duplexes remain in
the B format. These structural variations suggest a high
conformational flexibility of the RNA-DNA hybrid com-
pared with double-stranded DNA (Gonzalez et al., 1994,
1995). Indeed, this is observed in Table III.

Kinetic and melting data comparison
Kinetic and melting data could be compared as follows.
Stability differences between matched and mismatched
RNA-DNA duplexes (AAG037, Table IIIB) were, when
expressed as a mean per base pair, -3-fold smaller than
the estimated variations in stability of the tG:C pair in the
RT polymerization site, i.e. between RM and RT1T2,
AAG0kinetics = -1.0 kcal/mol for the rG:dC pair (Table II)
and MG037 = -0.36 kcal/mol (Table IIIB). Such a
difference may result from the loss of a stacking interaction
at the 3' end of the primer. However, if the enzyme
binding cleft is hydrophobic (Jacobo-Molina et al., 1993),
base stacking interactions will increase in the bound
template-primer duplex, giving rise to increased AAH°
values by TI and T2 mismatches. Bound to the enzyme,
the template-primer duplex is constrained, leading to
lower values of AAS. An increase in AMAH or a decrease
in AA S by a factor of 1.5 would be sufficient to bring
the solution values of AAG037 up to the estimated values
of AAG0kjnetics in the RT polymerization site (Table II). A
factor <1.5 can be considered if both AAH and AA 0
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vary within the confines of the polymerization site. The
present melting experiments do not provide sufficient free
energy data to compare with tG:T mispair stabilization in
the RT polymerization site (Table II).

Biological implications
Recently, it has been shown that a single amino acid
substitution in the p66 palm (Glu89Gly) and finger (Leu74-
Val) subdomains altered remarkably the discrimination of
the modified nucleotides ddG and ddI respectively (Boyer
et al., 1994). In particular, the Glu89 mutation contacts
the sugar-phosphate backbone of the template strand in
the double-stranded part of the template-primer 3-4 bp
from the active site. Together with the results presented
here, it becomes apparent that the RT polymerization
activity may be influenced by long-range protein-tem-
plate-primer contacts and the melting properties of nucleic
acid helices in direct contact with the enzyme, at least
over the 9 bp between the polymerization site and the T2
mismatch.

It is possible that these results will shed some light on
the phenomenon of G-*A hypermutation. G:T mismatches
in the template-primer duplexes 6-9 bp distal to the
polymerization site exacerbated T misinsertion 4- to 13-
fold (Table IC). The Km value discrimination could be
enhanced in vivo by locally imbalanced intracytoplasmic
dNTP concentrations. The current observations pertain to
steady state kinetics in which [template-primer] > [RT].
However, in the replication complex there is a 30- to 50-
fold molar excess of RT. The highly biased [dCTP]/[dTTP]
pools conducive to G-*A hypermutation slow down
reverse transcription considerably (Martinez et al., 1994).
It is probable that such conditions, as well as the molar
excess of enzyme, would enable considerable cycling of
the RT and misincorporation of dT opposite rG, which
itself would enhance the probability of further dT misin-
corporation. This ensemble might help to explain the
remarkably high density of G-eA transitions typical of
hypermutated HIV-l genomes.

Materials and methods
HIV-1 RT, DNA and RNA oligonucleotides
The heterodimeric p66/pSl HIV-1 RT was purified from an overproducing
strain of Escherichia coli (Muller et al., 1989). DNA and RNA templates
and DNA primers were synthesized according to standard methods and
purified by high performance liquid chromatography. Single-strand
concentrations were determined using DNA and RNA single-strand
extinction coefficients at 260 nm, calculated from published monomer
and dimer coefficients (Richards, 1975).

Primer labelling and primer-template annealing
Primer 5' termini were labelled with [y-32P]dATP (10Ci/mol, 10 mCi/ml,
Amersham) and T4 polynucleotide kinase (Pharmacia). y-32P-labelled
primers were annealed in 50 mM NaCl and 50 mM Mg(aspartate)2 for
2 min at 90°C. Samples were cooled slowly to 20°C. The amounts of
active DNA-DNA and RNA-DNA duplex (>95% hybridization of the
radiolabelled primer) were determined by an in vitro elongation assay,
adding both HIV-1 RT and dNTPs in excess (Ricchetti and Buc, 1990)
to the reaction buffer described below. Consequently, the template-
primer concentration ratio was adjusted for DNA duplexes to 1:1, being
equivalent to a 2.5 jiM final concentration in the hybridization solution,
with 2.2 jM of cold primer and 0.3 jM of y-32P-labelled primer.
For RNA-DNA duplexes, the template-primer concentration ratio was
adjusted to 1:10, the primer being 1jM (0.7 ,uM of cold and 0.3 jM
of y-32P-labelled primer). RNA was handled under standard RNase-free
conditions. Strand breakage was not detectable during hybridization and

polymerization reactions. Prior to the elongation reaction assay, duplexes
and hybrids were diluted 10-fold in the following buffer: 50 mM NaCl,
50 mM Mg(aspartate)2, 500 mM HEPES, pH 7.0 (final concentrations).

HIV-1 RT steady-state kinetics and gel electrophoresis
Steady-state kinetics were performed (Ricchetti and Buc, 1990) using
the following modifications. To approach physiological conditions, a
HEPES (pH 7.0) buffer replaced Tris-HCl to avoid contaminating traces
of calcium which inhibit HIV-1 RT polymerase activity (data not shown).
The concentration of Mg2+ was increased, while [K+] > [Na+],
reflecting the intracellular environment. The weaker anions (CH3COO-
and Asp-) virtually replaced Cl-. Polyethylene glycol (PEG) 6000 was
added to reduce the reaction volume and favour enzyme-template-
primer complex formation. Thus the final buffer (10 gl reaction volume)
was 50 mM HEPES, pH 7.0, 15 mM NaCl, 15 mM Mg(aspartate)2, 130
mM KCH3COO, 1 mM dithiothreitol and 5% PEG 6000. The molar
ratio of template-primer and enzyme in the reaction mixture was
estimated to be 20:1, sufficient to saturate the enzyme. The reaction was
initiated by first equilibrating HIV-1 RT with annealed template-primer
in the absence of dNTPs (10 min at 370C), followed by the addition of
appropriate dNTPs at various concentrations. The reaction was carried
out for 40 s at 37°C, which ensured steady-state kinetics. The reaction
was stopped by the addition of 10 mM EDTA in 90% formamide
and the sample was electrophoresed (Ricchetti and Buc, 1990). y-32P
radioactive band intensities were measured using an Applied Biosystems
PhosphorImager. Band intensities were fitted to a Michaelis-Menten
equation using the UltraFit Macintosh program (Version 1.03, Biosoft).
Kinetic parameters were determined as described previously (Ricchetti
and Buc, 1990).

Thermodynamic analysis
Absorption versus temperature profiles were recorded for the eight
template-primer duplexes (Schaeffer et al., 1982). Equivalent amounts
of template and primer strands were annealed in the same buffer used
in the kinetic study. The absorption profiles were recorded at 260 nm
with a heating rate of 0.2°C/min from 2 to 98°C. These conditions were
found to ensure complete reversibility of the strand separation reaction
(data not shown), and the precise determination of the initial and final
slopes of the absorption profiles necessary for normalization. Melting
temperatures (Tm) were determined as described previously (Aboul-ela
et al., 1985). For each duplex, Tm measurements were made at total
strand concentrations (Ct) in the range 0.7-12.4 jM. All and AS' were
determined by a linear least-squares fit to a van't Hoff plot (Marky and
Bresslauer, 1987):

Tm'- = (R/AH0)ln(Ct) + (AS0 - Rln4)/AH0, (3)
assuming an all or none transition, and that AH°and AS0 are independent
of temperature (R = the gas constant). The errors in Tm were ±0.2°C.
Plots were linear for the DNA and RNA-DNA duplexes studied, with
least-squares fit coefficients R2 > 0.99 (data not shown). The AG037
values, the standard free energy at 370C, were derived using AG037 =
A° - 310.15AS0.
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